Introduction
B-cell chronic lymphocytic leukemia (B-CLL) accounts for approximately 25% of all leukemia and is the most common lymphoid malignancy in Western countries. 1 Although staging systems (Binet, RAi) are useful for predicting prognosis and treatment requirements, 2 there is variability in clinical outcome for patients with apparently the same stage of disease. Hence, accurate assessment of prognosis would be beneficial in the choice of specific therapeutic options, while assessment of the likelihood of response and adverse reactions to chemotherapeutic treatments would allow patient-tailored decisions on drug selection and consequent improvements in survival.
Molecular markers such as immunoglobulin heavy-chain variable region (IgV H ) mutational status have been shown to greatly assist in defining patient prognosis. [3] [4] [5] In addition to somatic differences, it is probable that germ-line variation also plays a role in defining individual patient outcome. Studies that have investigated this possibility have to date only evaluated a restricted number of genetic variants in a restricted number of candidate genes-polymorphisms in the coding sequence of P2ϫ7, 6 GNAS, 7 SDF-1, 8 MTHFR, 9 p53, 10 and polymorphisms in the putative promoter sequences of TNF␣, 11 IL-1 and IL-6, 12 BCL-2, 13 and BAX. 14, 15 However, many of these purported associations such as those in P2ϫ7, BAX, and p53 have been unconfirmed by independent studies. [16] [17] [18] [19] To date, most searches for polymorphic markers of prognosis have been formulated on an "educated guess"; however, without a full understanding of the biology of CLL, definition of additional "suitable" candidate genes is problematic. This makes searches on a "genome-wide" basis an attractive proposition. A further issue with many of the previously reported studies is that they have been based on small numbers of patients ascertained outside the context of a clinical trial and in addition to having limited power, are prone to bias as a consequence of survivorship and other cofounders, especially when based on retrospectively ascertained patients who have received nonuniform treatment.
We have recently conducted an association study based on an analysis of nonsynonymous single nucleotide polymorphisms (nsSNPs) in genes with a priori relevance to cancer biology to identify susceptibility alleles for CLL. 20 As nsSNPs alter the encoded amino acid sequence, they have the potential to directly affect the function of expressed proteins. A total of 425 patients with CLL genotyped in this study were participants in a large phase 3 clinical trial. Linking genetic data to clinical outcome information for these patients has allowed us to test, in an unbiased fashion, the hypothesis that sequence variation defined by these nsSNPs influences the clinical behavior of CLL.
Methods

Patients
The study is based on patients entered in the UK Leukemia Research Fund (LRF) CLL-4 trial. Full details about the design and conduct of the trial are described in previously published material. 21 Briefly, CLL-4 was a random- The online version of this article contains a data supplement.
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chlorambucil, and the combination of fludarabine plus cyclophosphamide as a first-line treatment for Binet stages B, C, and A-progressive CLL. The trial as a whole recruited from a total of 136 centres, primarily from the United Kingdom. Of the 777 patients entered into the trial, the current analysis is based on a random subset of 425 white patients from 110 of the participating centers which had blood samples taken for clinical diagnostic purposes and cell marker studies. Ethical approval for the study was obtained from the Multi-Center Research Ethics Committee in accordance with the Declaration of Helsinki.
Selection of candidate genes, SNP selection and genotyping
Candidate gene selection and SNP genotyping has been described previously. 22 Briefly, nsSNPs mapping to candidate cancer genes were identified by interrogation of the Predicted Impact of Coding SNPs (PICS) database 23 of potential functional SNPs and published work on the resequencing of DNA repair genes. To increase the likelihood of identifying susceptibility alleles, we analyzed nsSNPs in 871 genes with relevance to tumor biology, biasing selection of SNPs to those likely to directly have functional consequences. nsSNPs were genotyped across patient DNAs extracted by standard salt-lysis protocol using customized Illumina Sentrix Bead Arrays according to the manufacturer's protocols (Illumina, San Diego, CA).
To predict the impact of missense variants on protein function, we applied 2 in silico algorithms, polymorphism phenotyping (PolyPhen) 24 and sifting intolerant from tolerant (SIFT). 25 PolyPhen predicts the functional impact of amino acid changes by considering evolutionary conservation, physicochemical differences, and the proximity of the substitution to predicted functional domains and/or structural features. SIFT predicts the functional importance of amino acid substitutions based on the alignment of orthologous and/or paralogous protein sequences. SIFT and PolyPhen scores were classified as intolerant, potentially intolerant, borderline, or tolerant and probably damaging, possibly damaging, potentially damaging, borderline, or benign, respectively, according to the classifications proposed by Xi et al 26 and Ng and Henikoff. 25 Where it was not possible to derive SIFT or PolyPhen metrics, we categorized codon replacements on the basis of Grantham matrix 27 according to the classification of Li et al. 28 
Statistical methods
To examine for systematic biases, we assessed the deviation of the genotype frequencies in the patients from that expected under Hardy-Weinberg Equilibrium (HWE) using a quantile-quantile (Q-Q) plot and estimated an overdispersion factor 29 by calculating the ratio of the mean of the smallest 90% of observed test statistics to the mean of the corresponding expected values.
Progression-free survival (PFS) and overall survival (OS) of patients were the end points of the analysis. The response recorded for each patient was the best achieved at any time due to first-line treatment. PFS was defined as the survival time from the date of randomization to relapse needing further therapy, progression, or death from any cause. For nonresponders and progressive disease, the date of progression was when no response or progressive disease was recorded. OS was calculated from randomization to death from any cause. Data on age at diagnosis, stage, sex, and treatment were available for all patients, and IgV H mutation status data were available for a subset of patients, enabling us to examine the significance of each SNP conditional on these covariates. Cox-regression analysis was used to estimate genotype-specific hazard ratios (HRs) and 95% confidence intervals (CIs). For each SNP genotype, HRs were generated using common allele homozygotes as the reference group. P values presented correspond to the significance of a test difference among all 3 of the genotype groups (common allele homozygote, heterozygote, and rare allele homozygote). For SNPs where 5 or fewer minor allele homozygotes were observed, minor allele homozygote genotypes were combined with heterozygotes. If this combined frequency was still 5 or less, then the SNP was removed from the analysis. HRs, 95% CIs, and associated P values under both dominant and recessive models were also generated. To assess the distribution of test statistics, we generated Q-Q plots. To investigate possible epistatic interactions, the relationship between PFS and each pair of SNPs that showed significant allelic association at the 5% level was evaluated. PFS curves were plotted using Kaplan-Meier estimates. All statistical analyses were undertaken using SAS Version 9.1 (SAS Institute, Cary, NC) and R Version 2.5.0 (The R Foundation for Statistical Computing, www.r-project.org/foundation/main.html).
Results
Descriptive statistics
The clinicopathologic characteristics of patients studied are detailed in Table 1 . Of the patients genotyped, approximately a third had been diagnosed with CLL before age 60 years, and approximately two-thirds had presented with stage B or C disease. The median follow-up time for patients was 32 months with follow-up to October, 31, 2005 . There were 27% deaths in the cohort. Sex, stage at presentation, and drug therapy all significantly influenced PFS. Specifically, being female, having early-stage disease, and the combination of fludarabine and cyclophosphamide as drug therapy were all significantly associated with a more favorable prognosis ( Table 2) . Only age and stage at presentation significantly affected OS. For 354 (83%) of the 425 patients, we had information on IgV H mutation status. As in the parent trial, this covariate was prognostically important, being predictive of both PFS and OS (P Ͻ .001 and .002, respectively).
There was no difference in the demographics, treatment, and follow-up characteristics of the 425 patients genotyped herein compared with the patients entered into CLL-4 but who were excluded from this analysis ( Table 1 ). The observation that conventional staging and other prognosis markers were equally predictive of survival in the complete dataset and the subgroup analyzed provides further evidence that subselection of patients genotyped is unlikely to bias overall study findings.
Relationship between SNP genotype and PFS
Within the parent study, SNP call rates per sample were greater than 99% in patients. Of the 1467 SNPs submitted for analysis, only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From 1218 (83%) were satisfactory genotyped, with mean individual SNP call rates of 99.7% Of the 1218 SNPs loci that satisfactorily genotyped, 241 were either fixed in all patient samples or were observed at subpolymorphic frequencies (ie, having minor allele frequency [MAF] of less than 1%), and hence were excluded from all analyses. Distribution of SNP genotypes was not significantly different to that expected under HWE, with equal to 1.02 ( Figure  S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Of the 977 remaining SNPs mapping to the 755 genes to be analyzed, cell counts of minor allele genotypes were sufficiently infrequent to exclude 57 from the genotype and dominant analyses and 438 from the recessive model analyses. The SNPs for which genotype-survival associations were examined are detailed in Table S1 together with their associated MAFs.
As 10% to 15% of patients with CLL with progressive disease are thought to display deletions involving 17p, we examined this particular locus in detail. Genotypes for the p53 Arg72Pro (rs1042522 30 ) were obtained for 421 (99.1%) of the 425 patients, and the distribution of genotypes (239, 154, 28) was not significantly different to those we have previously documented in the United Kingdom population 31 (1471, 1022, 197 ; P ϭ .64).
After adjustment for sex, age, stage of disease at presentation, and drug regime, statistically significant associations between genotype and PFS were identified for 42 SNPs at the 5% level. A Q-Q plot of test statistics showed no large deviation from the expected distribution ( Figure S2 ). Results of all SNPs included in the genotype-survival analysis are detailed in Table S2 . On the basis of dominant and recessive models, 78 different nsSNPs were significant, 51 under a dominant model and 27 under a recessive model; none, however, were significant after adjustment for multiple testing using the conservative Bonferroni correction.
With such caveats in mind, several potentially interesting findings were observed. Of the SNPs identified to be prognostic (on the basis of nominal P Յ .05), 2 have been established to be functional, and a further 28 SNPs are predicted to be functional (Table 3 ) . Collectively, the SNPs predictive of PFS mapped to a restricted number of gene ontologies, and for purposes of clarity, we have restricted our commentary to the genes within pathways for which polymorphic variation in at least one SNP was associated with PFS, specifically genes involved in DNA damage-response/ repair and immune regulation.
DNA damage-response genes
DNA polymerase beta (POLB; MIM 174760 32 ) performs base excision repair required for DNA maintenance, replication, recombination, and drug resistance. Under the Cox proportional hazards model, carrier status for POLB P242R variant genotype was significantly associated with a poorer PFS (HR ϭ 1.87; 95% CI: 1.04-3.36; P ϭ .04). PFS (3-year) for carriers of the wild-type genotype was 22.2% (95% CI: 7.4%-66.5%) compared with 32.7% (95% CI: 27.9%-38.4%) for those with the wild-type genotype ( Figure 1) .
Genes participating in homologous recombination include breast cancer 2 (BRCA2; MIM 600185) and x-ray repair complementing defective repair in Chinese hamster cells (XRCC2; MIM 600375), which encodes a member of the RecA/Rad51-related protein family. Carrier status for BRCA2 T1915M and XRCC2 R188H variant genotypes were associated with poorer PFS (HR ϭ 1.59; 95% CI: 1.03-2.44; P ϭ .04 and HR ϭ 1.44; 95% CI: 1.06-1.95; P ϭ .02, respectively). Patients with the BRCA2 T1915M wildtype genotype had a 3-year PFS of 33.6% (95% CI: 28.6%-39.4%), whereas the 3-year PFS was 17.8% (95% CI: 6.9%-45.9%) in carriers of wild-type genotype (Figure 2) .
Nucleotide excision repair is the major cellular system that repairs bulky DNA adducts caused by mutagens and chemotherapy. This form of DNA repair is in part performed by the proteins encoded by Chinese hamster groups 5 and 6 (ERCC5; MIM 133530 and ERCC6; MIM 609413). Carrier status for ERCC5 H1104D and ERCC6 G399D variant genotypes were both associated with a less favorable PFS (HR ϭ 1.32, 95% CI: 1.03-1.69; P ϭ .03 and HR ϭ 1.35, 95% CI: 1.05-1.73; P ϭ .02). For ERCC5 H1104D, carriers with the wild-type genotype had a 3-year PFS of 13.8% (95% CI: 5.1%-37.7%) compared with 33.9% (95% CI: 29.0%-39.7%) for noncarriers ( Figure 3) .
Other DNA damage-response/repair gene SNPs displaying an association with PFS included those mapping to postmeiotic segregation increased 2 (PMS2; MIM 600259), which participates in mismatch repair; methylguanine-DNA methyltransferase (MGMT; MIM 156569); and topoisomerase (DNA) II binding BLOOD
Immune regulation genes
Preeminent among immune regulation pathway SNPs were those mapping to IL-19 (IL19; MIM 605687) and IL-16 genes (IL16; MIM 603035). Although based on relatively small numbers, homozygosity for IL19 S213F variant genotype was associated with a worse PFS (HR ϭ 2.53, 95% CI: 1.46-4.38; P ϭ .001). Conversely, carrier status for IL16 P434S was associated with a more favorable prognosis (HR ϭ 0.72, 95% CI: 0.53-0.97; P ϭ .03); 3-year PFS was 47.3% (95% CI: 37.1%-60.3%) compared with 28.4% (95% CI: 23.4%-34.6%; Figure 4) . Under the recessive model, homozygosity for lymphocyte antigen CD5 (MIM 153340) V471A variant genotype was associated with a poorer prognosis (HR ϭ 1.50; 95% CI: 1.16-1.96; P ϭ .002). Also associated with poorer PFS were carriers of leukocyte immunoglobulin-like receptor, subfamily A member 4 (LILRA4; MIM 607517) P27L variant genotype (HR ϭ 1.44, 95% CI: 1.12-1.85; P ϭ .004); 3-year PFS was 23.3% (95% CI: 16.2%-33.6%) compared with 36.4% (95% CI: 30.6%-43.3%; Figure 5 ) and sema domain, immunoglobulin domain (Ig) short basic domain, secreted, 3C (SEMA3C; MIM 602645) V337M genotype (HR ϭ 3.15, 95% CI: 1.28-7.75; P ϭ .01). In contrast, carrier status for killer cell lectin-like receptor subfamily C, member 4 (KLRC4; MIM 602893) S29I variant genotype was associated with a better PFS (HR ϭ 0.72, 95% CI: 0.57-0.91; P ϭ .007); 3-year PFS was 38.2% (95% CI: 31.4%-46.5%) compared with 26.1% (95% CI: 20.0%-34.0%; Figure 6 ).
Relationship between SNP genotype and OS
A total of 9 of the 78 SNPs associated with PFS also showed an association with OS: SEC23B H489Q, GALNACT-2 P479S, ENPP5 V171I, SEMA3C V337M, GTF2E1 P366S, INHBC R322, LAMA2 V1138M, ZNF527 H181R, and BRCA2 T1915M.
Impact of SNP genotype adjusting for IgV H mutational status
For 354 (83%) of the 425 patients, we had information on IgV H mutation status, allowing us to evaluate the impact of polymorphic variation adjusting for this significant covariate. In a multivariate analysis incorporating information on IgV H mutation status, 38 of the 78 SNPs were independently prognostic (Table 3) . Among these 38 SNPs were 5 mapping to immune regulation genes IL16 P434S, IL19 S213F, LILRA4 P27L, KLRC4 S29I, and CD5 V471A and 2 within DNA response genes POLB P242R and TOPBP1 S730L.
Relationship between SNP genotypes and chemotherapy
In view of the differences in pharmacology of chlorambucil, fludarabine, and cyclophosphamide, we examined for potential interactive effects between SNPs and PFS for the different drugs separately. Table S3 details the relationship between SNPs significant at the 5% level and PFS. A total of 5 SNPs associated with PFS were common to patients treated with chlorambucil or fludarabine (DST L22S, LILRA4 P27L, SEC23B H489Q, XRCC2 R188H, and ZAK S531L), 3 SNPs were common to patients treated with either chlorambucil or fludarabine with cyclophosphamide (APBB3 C236R, ENPPS I171V, and C21orf57 S2L), and 4 SNPs were common to patients treated with either fludarabine or fludarabine with cyclophosphamide (DDX27 G206V, DPYD S534N, WNT16 G72R, and DHX16 D566G).
Discussion
Using SNP genotype data generated on 425 patients within the CLL-4 trial, we have sought to identify a number of promising genetic variants with prognostic potential. A major strength of our study is its large size and the fact that we have analyzed patients entered into a phase 3 randomized trial, thereby minimizing bias. 
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While not all of the patients entered into CLL-4 trial were analyzed, there were no salient differences in the demography of patients genotyped and those excluded from the analysis; hence, it is unlikely that any spurious biases will have influenced study findings. Furthermore, our analysis is unlikely to be confounded by population stratification. We have been able to adjust for the major molecular covariate, IgV H mutation status, and identify a number of SNPs independently predictive of PFS, including variants of IL16, IL19, CD5, and POLB. We did not, however, find evidence that MTHFR A222V or p53 Arg72Pro genotype influences prognosis as previously purported.
Despite the strong biologic plausibility for several individual associations as discussed herein, and the fact that our study is large compared with contemporaneous ones, these types of analyses are prone to false discovery as a consequence of multiple comparisons. Hence, although the signal generated from our gene level analyses suggests that we observed an approximately 8% greater signal over that expected on the basis of the dominant model, our nsSNPs findings are consistent with chance after adjusting for the number of tests used.
Although our observations must be considered preliminary and hypothesis-generating, it is intriguing that a large proportion of the SNPs we have identified as having prognostic relevance resides in genes mediating the immune response, extracellular matrix interactions, or DNA damage-response/repair. Especially relevant to CLL was the observation that variation in CD5 defined by the V471I polymorphism was a determinant of PFS. Although in part speculative, through interrogation of the Pathway Architecture program (Stratagene, La Jolla, CA), 30 (38%) of the SNPs associated with prognosis were found within interrelated genes encoding pivotal components of the DNA damage-response, immune regulation, and cell-signaling pathways (Figure 7) . Biologically, it is eminently plausible that variation in these genes will affect prognosis in the case of CD5 and the interleukin genes, as levels of interleukins have been documented to influence clinical behavior. 34, 35 Furthermore, defects in the TP53 tumor suppressor gene pathway are known to be important in CLL, as p53 inactivation is associated with aggressive disease. 36, 37 It is intriguing that we identified an association with APOE, as the expressed protein has cytostatic and cytotoxic activity; moreover, apolipoprotein levels and activity of aplolipoprotein receptors have been linked to prognosis in B-CLL. [38] [39] [40] The prior probability of identifying a significant association with prognosis for a series of SNPs mapping to a single DNA repair pathway is intuitively small, thereby providing a measure of robustness to our observations. However, ultimately, replication in independent studies is required to either validate or refute study findings.
Our observation that polymorphic variation in a number of the DNA repair genes (ERCC5, BRCA2, and POLB) influences survival of patients with cancer is not without precedent. Outside the context of CLL variation, ERCC5 D1104H has been reported to influence esophageal 41 and lung 42 cancer, and POLB P242R has been reported to influence lung cancer prognosis 42 in the same manner, suggesting generic effects on outcome from malignancy.
While we have evaluated only nsSNPs with a higher probability of being directly causal, there is currently direct evidence for functionality only for a minority, such as APOE R176C and THBS1 N700S. 43, 44 Evidence for others is provided by in silico predictions regarding the consequences of amino acid changes. While such predictions have been shown to successfully categorize a high proportion of amino acid substitutions in benchmarking studies, 26, 45, 46 it is acknowledged that assigning functionality to SNPs on the basis of metrics is in essence speculative. Moreover, it is probable that some associations are a consequence of linkage disequilibrium with causal variants.
As the patients analyzed in our study were part of a large clinical trial, this has provided a unique opportunity to examine differential effects of SNP on PFS according to specific chemotherapy. On the basis that chlorambucil and cyclophosphamide are both alkylating agents, we have looked for SNPs common to both patient groups. Although variants such as XRCC2 R188H are attractive candidates for conferring differential response to treatment, there are currently no data for the role for variation in this or the other genes identified as a determinant of drug response. Interestingly, the S534N variant of dihydropyrimidine dehydrogenase (DPYD), shown to influence response to fludarabine, was related to PFS (P ϭ .03 and .002 for PFS in fludarabine-treated patients and fludarabine plus cyclophosphamide-treated patients, respectively). DPYD is the initial and rate-limiting factor in the pathway of uracil and thymidine catabolism, with genetic deficiency being well recognized to result in an error in pyrimidine metabolism. 47 In addition, cyclophosphamide has been shown to BLOOD, 1 FEBRUARY 2008 ⅐ VOLUME 111, NUMBER 3 only.
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Here, we have restricted our search for SNPs associated with disease outcome by assessing those which have the potential to affect the behavior of the expressed protein through change in the amino sequence. Epigenetic silencing of DAPK1 by promoter methylation has recently been shown to occur in most patients with CLL 49 ; hence, expression of this gene is a key player in CLL. Intriguingly, a rare variant in the promoter of DAPK1 was demonstrated to affect DAPK1 expression. 49 It is therefore highly probable that in addition to nsSNPs, noncoding variants influencing expression of key genes such as DAPK1 will also be determinants of patient outcome and worthy of evaluation.
Our study provides evidence that inherited variation influences the clinical outcome from CLL and potentially provides additional insight into the biological determinants of prognosis. Furthermore, it also serves to highlight the statistical problem of searching for genetic associations when the impact of any variant is likely to be at best modest. Hence, stipulating significance levels of less than 10 Ϫ5 for an analysis of clinical trial data is unrealistic, because to have 80% power to demonstrate a 5% difference in survival, which is clinically relevant, requires at least 4800 patient samples to be analyzed, even if the frequency of the at risk genotype is 50%. Moreover, imposing very stringent statistical thresholds can create the serious issue of type II errors. To facilitate the identification of prognostic markers through pooled analyses, we have therefore made data from our study publicly accessible (Tables S1-S3 , Figures S1,S2) .
Finally, although germ-line variants are unlikely to replace staging schemes and conventional markers such as IgV H mutation status in the short term, they have potential to assist in distinguishing different outcome patterns among patients with the same stage of disease where 10% differences are clinically relevant, thereby opening up the possibility of a rational, targeted approach to treatment based on a combination of genotype and tumor characteristics of a patient. SELLICK 
